Summary
Introduction
Ras plays a central role in the regulation of basic developmental processes, including cellular proliferation and differentiation. In Drosophila, the Rasl signal transduction machinery is activated by a number of receptor tyrosine kinases (RTKs) (reviewed by Zipursky and Rubin, 1994) . However, different RTKs appear to functionally substitute for one another, suggesting that the specificity of Raslmediated signaling is not determined by the intrinsic differences between distinct classes of RTKs (Kussick et al., 1993; Reichman-Fried et al., 1994) . Instead, this specificity may be determined by cell-specific factors that function downstream of Ras. Here, we describe a gene that appears to function downstream of Rasl to specify neuronal fate in a subset of cells in the developing Drosophila eye.
The Drosophila compound eye is comprised of an orderly array of 800 unit eyes, or ommatidia. Each ommatidium contains eight photoreceptor neurons, R1-R8, as well as four lens-secreting cone cells, and seven other accessory cells. Ommatidial assembly occurs independently of cell lineage (reviewed by Wolff and Ready, 1993) . During eye development, pattern formation is initiated in the eye imaginal disc along the morphogenetic furrow, an indentation in the eye disc epithelium. As this furrow sweeps from posterior to anterior across the eye disc, undifferentiated cells are sequentially recruited to initiate distinct developmental programs by temporally and spatially restricted inductive signals from neighboring cells (reviewed by Zipursky and Rubin, 1994; Dickson and Hafen, 1993) . Photoreceptors R8, R2/R5, and R3/R4 are added in the first phase of recruitment, followed by the addition of RI/R6 and finally by R7 (reviewed by Wolff and Ready, 1993) .
Rasl is essential for the development of all photoreceptors (Simon et al., 1991) , and while little is known about its role in the development of R1-R6 and R8, its role in the determination of photoreceptor R7 has been extensively studied (reviewed by Zipursky and Rubin, 1994) . Rasl transduces the signal initiated by sevenless (sev), an RTK expressed in a subset of cells, including the presumptive R7. In the absence of sev, the R7 precursor cell fails to initiate neuronal differentiation and instead is thought to adopt the fate of a nonneuronal cone cell.
Mutations in genes encoding a Drosophila raf kinase homolog (Draf, Dickson et al., 1992) , a mitogen-activated protein (MAP) kinase (roiled, Brunner et al., 1994b; Biggs et al., 1994) , and two Ets domain transcription factors (yan, Lai and Rubin, 1992;  pointed, O'Neill et al., 1994 and Brunner et al., 1994a) have been shown to alter the signaling effectiveness of Rasl during R7 development, suggesting that these proteins act downstream of Rasl. Seven in absentia (sina), a nuclear factor whose mechanism of function remains unknown, also affects R7 determination (Carthew and Rubin, 1990) . Numerous other components of this signaling pathway have been identified, including a guanidine nucleotide exchange factor and a GTPaseactivating protein for Rasl as well as an SH3-SFI2-SH3 adapter protein that appears to link functionally the sev RTK and the exchange factor (reviewed by Zipursky and Rubin, 1994) . We have isolated additional downstream components of the Drosophila Rasl signaling pathway in a genetic screen designed to identify mutations that alter the signaling effectiveness of an activated allele of Rasl, Rasl v1~. Here, we report the cloning and characterization ofphyllopod (phyl), a suppressor of the rough eye phenotype caused by Rasl v12. Genetic analysis suggests that phyl functions downstream of yan and upstream of sina in the Rasl signaling pathway or in a parallel pathway, phyl is required for fate specification of 3 of the 8 photoreceptors, R1, R6, and R7, suggesting that it mediates a cell typespecific process in response to Rasl signaling, phyl is also required in the embryonic peripheral nervous system (PNS) and later in the pupa for bristle development. The phyl gene encodes a novel protein with a central basic domain and a C-terminal acidic domain. Ectopic expression of an activated form of Rasl during eye development appears to induce the ectopic expression of the phyl gene, suggesting that induction of phyl transcription is an early response to Rasl activation. Furthermore, expression of phyl in cells that normally adopt the nonneuronal cone cell fate can convert them into supernumerary R7 cells, mimicking the effect of ectopic Rasl activation in these cells. Ectopic expression of phyl in the pigment cells, while not sufficient for a complete neuronal transformation, induces the expression of neuronal antigens. Our findings suggest that phyl expression is regulated by Rasl and is sufficient to confer at least a subset of neuronal characteristics on cells.
The name phyl was inspired by the phenotype of homozygous phyl-clones in the eye. In such clones, 5 photore- ceptors and 5-6 cone cells are present. This resembles the compound eye of some phyllopods (class Crustacea), which have five photoreceptors and five cone cells per ommatidium (Nilsson et al., 1983) .
Results

phyl Is a Dominant Suppressor of Activated Rasl
phylwas isolated in two independent genetic screens, one designed to identify components of the Rasl signaling pathway and the second a screen for lethal genes that play a role in eye development (see Experimental Procedures). phyl mutations act as dominant suppressors of the rough eye phenotype caused by expression of a constitutively active form of Rasl (Rasl w2) under the control of the sev regulatory sequence, sev-Rasl w2 (Fortini et al., 1992) . The sev-Rasl w2 transgene results in the transformation of some of the four cone cell precursors into supernumerary R7 cells and a variety of other defects that disrupt the regular array of ommatidia, causing the exterior of the eye to appear rough ( Figure 1B) (Fortini et al., 1992) . Flies bearing two copies of the sev-Rasl w2 construct have rougher eyes than those with only one copy (data not shown), demonstrating that the degree of eye roughness is dependent on the level of Rasl v12 expression.
Since there is a correlation between the degree of eye roughness and the strength ofthe Rasl signaling cascade, a 2-fold reduction in the dose of a gene (i.e., mutating 1 of the 2 copies of a gene) acting downstream of Rasl could alter the signaling strength of the Rasl pathway sufficiently to modify visibly the rough eye phenotype of flies carrying the sev-Rasl v72 transgene. Based on this premise, we screened -200,000 EMS-and -650,000 X-ray-mutagenized flies (see Experimental Procedures) and isolated mutations in a number of genes, including 45 (6 EMS-and 39 X-ray-induced) alleles of phyl. These mutations dominantly suppress the sev-Rasl w2 phenotype; that is, the eyes of phyl/+; sev-Rasl v12 flies are less rough than those of sev-Rasl w2 flies (Figure 1 ). Additional phyl alleles (21)were isolated in a screen for lethal genes that play a role in eye development. In brief, X-rays were used to induce mutations that were subsequently identified in somatic clones showing the homozygous phenotype (see Experimental Procedures). All of the phyl alleles are recessive lethal, indicating that phyl has other functions in addition to its role in eye development.
In addition to suppressing the rough eye phenotype caused by sev-Rasl w2, phyl also suppresses the supernumerary R7 phenotype. The number of R7 cells per ommatidium was measured using two methods. First, we measured the activity of a transgene that expresses chloramphenicol acetyl transferase (CAT) under the regulation of the R7-specific Rh4 promoter in adult retinae (Fortini and Rubin, 1990) . Extracts prepared from the heads of sev-Rasl v12 flies have 4.2-fold higher CAT activity than do extracts from wild-type flies, reflecting the presence of supernumerary R7 cells in sev-Rasl w2 eyes. In extracts from phyl/+; sev-Ras lW2 heads, CAT activity was reduced to a level only 1.5-fold greater than that of the control (data not shown). Second, we counted the number of R7 cells in tangential sections of adult retinae. In sev-Rasl w2 flies, only 2% of the ommatidia in the center of the eye are wild type; this number is increased to 43% in flies that are also heterozygous for phyl. Therefore, reducing the phyl gene dose by a factor of two strongly suppresses the supernumerary R7 cell defect as well as the exterior roughening of the eye caused by sev-Rasl w2.
To define further the role of phyl in the Rasl signaling cascade, we examined the genetic interaction between phyl and Draf. Expression of constitutively active Draf under control of the sev enhancer (sE-raf T°r4°2~) produces a phenotype similar to sev-Rasl v12 (Dickson et al., 1992) , consistent with the idea that raf responds to activation of Ras. phyl dominantly suppresses the rough eye and supernumerary R7 defects caused by the sE-raF °,4°2~ construct (data not shown). Furthermore, Dickson et al. (1995) have independently isolated and characterized phyl in a screen designed to identify modifiers of raf. These data indicate that phyl acts downstream or in parallel to raf.
Mutations in the GTPase-activating protein (Gap1) or the Ets-related transcription factor (yan), two negative regulators in the Rasl pathway, generate extra photoreceptors, predominantly R7 cells but occasionally outer cells as well (Gaul et al., 1992; Lai and Rubin, 1992) . To determine where phylfunctions with respect to gap1 and yan, somatic clones of homozygous phyl-cells were generated in gap1 s~-~ and yan ~ retinae, respectively, phyl mutations completely suppress the supernumerary R7 phenotype are highlighted in reverse, phyP 24~ has a 13 bp frameshift deletion in the first exon, resulting in the generation of a premature stop codon 19 residues after the initial ATG, while phyP a2~ contains a 115 bp deletion that creates a frame shift in the second exon. From amino acid positions 339-347, there are 9 consecutive glutamate residues; however, 4 of the 9 are deleted in the sequence obtained from a genomic clone.
caused by gap1 or yen (data not shown), indicating that phyl acts downstream or in parallel to gap1 and yan.
phyl Encodes a Novel Protein
The ability of phy! to suppress sev-Rasl w2 was mapped to the right arm of the second chromosome, to meiotic map position 2-70.3. The lethality was uncovered by two deletions, Df(2R)trix and Df(2R)L R48 (Goralski et al., 1989) , placing the gene within the polytene interval 51A1-B4.
These deletions also suppress sev-Rasl v12 (data not shown), suggesting that the phyl alleles are loss-of-function mutations.
phylwas cloned using an X-ray-induced inversion allele, phyP ~52 ( Figure 2A ). Genomic DNA spanning the inversion breakpoint was isolated (see Experimental Procedures) and used to screen a Drosophila eye-antennal imaginal disc cDNA library. The largest cDNA isolated, 1.8 kb long, most likely corresponds to the full-length transcript since an RNA blot of poly(A)+-selected embryonic RNA identified a single band of similar size (data not shown).
Sequence analysis of phyl mutants confirmed that the phyl phenotype is due to lesions in the gene encoding the 1.8 kb cDNA (Figure 2 ). The inversion breakpoint ofphyl 2~52 maps to the single phyl intron, and two additional alleles, phyP 245 and phyP 829, contain small deletions within phyl-coding exons (see Figure 2 legend). Some X-ray-induced phyl alleles (11) carry cytologically visible deletions or inversions that include the 51A region. Furthermore, expression of the 1.8 kb cDNA under control of the sE rescues the phenotype ofphyl-clones in the adult eye (discussed below), confirming that this transcript corresponds to the phyl gene (data not shown).
ThephylcDNA contains an open reading frame of 1200 bp, which predicts a protein of 400 amino acids ( Figure  2B ). The conceptually translated phyl protein exhibits no significant sequence similarity to known proteins and has no identifiable functional motifs. A hydropathy plot indicates that phyl is hydrophilic. The primary sequence of the phyl protein has two notable features: a basic stretch in the central region (amino acids 147- 21 7) and an acidic and glutamate-rich region located at the C-terminus (amino acids 323-375), in which 20 of the 53 residues are glutamate.
phyl Is Required in Photoreceptors R1, R6, and R7
To determine which cells require phyl gene function for normal eye development, somatic clones were induced in first instar larval eye discs and scored in adult eyes. The FLP/FRT method for inducing somatic recombination was used to generate clones of homozygous mutant tissue in a phyl heterozygous (phenotypically wild-type) background (Xu and Rubin, 1993) . Since cell fate in the eye is not restricted by lineage (reviewed by Wolff and Ready, 1993) , both normal and mutant cells are contributed to ommatidia lying on the clonal border, phyP and phyP cells were identified by the expression of the cell-autonomous marker white (w), which is required to produce the red pigment granules in photoreceptors and pigment cells. In mosaic ommatidia, all w ÷ cells are also phyl ÷, and all w-cells are phyl-.
In the absence of a functional phyl gene product, ommatidia are usually missing three photoreceptors cells: two outer cells with large rhabdomeres, the light-sensitive apparatus of the photoreceptor, and one inner cell with a small rhabdomere ( Figures 3A and 3B ). About 10% of phyP ommatidia are missing an additional outer photoreceptor. Phenotypically normal, but genetically mosaic, ommatidia (68) were scored, and in all cases, photoreceptors R1, R6, and R7 were w ÷, and therefore phyl ÷, whereas the remaining photoreceptors were often found to be genotypically phyl-( Figure 3 , score sheet). These results demonstrate that the phyl gene product is autonomously required in R1, R6, and R7 for normal ommatidial development.
phyl Clones Are Missing All Photoreceptors
Born in the Second Mitotic Wave
The results of the clonal analysis of phy/as well as its mutant phenotype suggest that photoreceptors R1, R6, and R7 are missing in adult ommatidia. These three cells are born in the second of two waves of cell division that generate the population of cells from which the eye is as- her of times an ommatidium of that constitution was seen, for those seen more than once. In all such ommatidia, photoreceptors R1, R6, and R7 are wild type; all remaining photoreceptors can be mutant in a phenotypically wild-type ommatidium (see inset for photoreceptor numbers). Several examples in which only R1, R6, and R7 are phyl* can be seen in (A) and (B). One example, indicated by an arrowhead, is shown at the R7 level in (A) and at the R8 level in (B). Anterior is to the right. sembled (reviewed by Wolff and Ready, 1993) . The first wave occurs as a broad band ahead of the morphogenetic furrow and gives rise to the five cells of the precluster: R8, R2, R5, R3, and R4. All remaining cells, including R1, R6, and R7, are generated in the second mitotic wave, which occurs as a tight band several rows behind the furrow. To determine the identity of the cells present in the mutant ommatidia, the mitotic marker 5-bromo-2'-deoxyuridine (BUdR) was used as a means of marking cells based on their birth wave. BUdR was administered as a pulse during the third larval instar, when these divisions are occurring. Animals were then aged to midpupal life, and their eyes were labeled with anti-BUdR antibody. Two bands of label are evident in these eyes: an anterior band, in which the precluster photoreceptors are strongly labeled, and a posterior band, in which all cells except the precluster photoreceptors are labeled. These bands are separated by a band of unlabeled cells that were not in S phase during the BUdR pulse.
In midpupal eyes of third instar larvae fed BUdR for several hours, photoreceptors in phyl clones are not labeled in the posterior band of label, while in neighboring wild-type tissue, photoreceptors R1, R6, and R7 are labeled ( Figures 4A-4D ). This data indicates that all photoreceptors within clones are born in the first mitotic wave and are therefore photoreceptors R8, R2, R5, R3, and R4. These data also demonstrate that the shortage of photoreceptors in the clone is not a consequence of a failure of the second mitotic wave divisions since nonphotoreceptor cells within the clone are labeled, suggesting that mitosis occurs normally in the absence of phyl.
Photoreceptors R1, R6, and R7 Adopt a Cone Cell Fate
As a means of determining at what point in development phyl is required, we examined the clonal phenotype at various stages throughout development and found that phyl is required for the differentiation of the presumptive photoreceptors R1, R6, and R7 into neurons. In phyl clones in third instar eye discs, no more than five neurons are present ( Figure 4E ). To determine the fate of these presumptive photoreceptors, midpupal eyes were stained either with cobalt sulfide (Figure 4F ), to outline cells, or they were double labeled with phalloidin ( Figures 4G and   41 ), which stains f.actin and outlines ceils on their apical surfaces, and anti-elav antibody, to identify photoreceptor nuclei ( Figures 4H and 4J ). Clones were identified based on their aberrant phenotype, phyP ommatidia contain 5
photoreceptors and 5-6 cone cells rather than the normal complement of 4 ( Figures 4F-4J (E) A homozygous phyl-clone in a third instar eye disc labeled with anti-elav antibody, an early neuronal marker (Robinow and White, 1991 ) . Within the clone, om matidia containing only 4-5 photoreceptors are present (examples indicated by arrows).
(F) A homozygous phyl-clone in 55 hr pupal eye stained with cobalt sulfide to highlight the cell outlines. In the center of the clone, 5-6 cone cells (labeled C) are present.
Wild-type (G and H) and phyl-(I and J) ommatidia showing cone cells (G and I) and underlying photoreceptors (H and J). The mutant ommatidium contains six cone cells and five photoreceptors; no more than five photoreceptors are present in these mutant ommatidia (data not shown). Anterior is to the right.
in that mutants in which there are too few photoreceptors typically lack cone cells as well, and it suggests that photoreceptors R1, R6, and R7 adopt a cone cell fate rather than a neuronal fate.
In sev flies, it is presumed that the cell that occupies the R7 position adopts the fate of the equatorial cone cell (Tomlinson and Ready, 1986) and that, in turn, the cell that would have become the equatorial cone cell adopts an alternative fate, so sevommatidia have the normal corn-
phyl RNA Is Expressed in Photoreceptors
R1, R6, and R7
In situ hybridization was used to study the expression pattern ofphyl RNA in the eye disc ( Figure 5 ). phyl RNA is first expressed in periodic groups of cells in the morphogenetic furrow and is later expressed in a dynamic pattern in a subset of photoreceptors, The staining intensity is drastically reduced immediately behind the furrow and then disappears before becoming more intense again approximately six rows behind the furrow; the identity of the stained cells in this region could not be determined. Perinuclear staining becomes evident in the nuclei of photoreceptors R1 and R6 in row six. By this stage of development, photoreceptors R1 and R6 have assumed their stereotyped positions within the developing ommatidium (Wolff and Ready, 1993) ; their nuclei still lie below those of R8, R2, and R5. By row seven, perinuclear staining becomes pronounced in R7 nuclei, which lie basal to those of R1 and R6. phyl expression remains strong in photoreceptors R1, R6, and R7 through row nine; beyond this point, staining diminishes to background levels. Neither photoreceptors R8, R2, R5, R3, and R4 nor the cone cells express detectable levels of phyl RNA; however, it is possible that low levels of phyl are expressed in these or other cells.
No signal was detected in wild-type eye discs with a sense strand RNA probe. Our genetic data indicate that phyl acts either downstream of Ras or in a parallel pathway. If phyl acts downstream of Ras, phyl expression might be dependent on Ras activation. In contrast, if phyl acts in a parallel pathway, we would not expect its expression to depend on Ras activity. To distinguish between these possibilities, we examined phyl expression in sev-Rasl w2 eye discs in which Ras is ectopically activated. If phyl expression is regulated by Ras activation, then sev-Rasl w2 eye discs would be expected to show higher levels of phyl in those cells in which the sE is active. Consistent with this hypothesis, sev-Rasl v~2 discs showed a greater intensity of staining posterior to the band of R1, R6, and R7 label ( Figure  5B , discs were scored double blind; see Figure 5 legend). To date, we have been unsuccessful in generating antiphyl antibodies. in Third Instar Eye Discs (A) In situ hybridization of a third instar wildtype eye disc. The panel shows a portion of the eye disc, including the furrow (arrowhead) and regions anterior and posterior to the furrow. A survey of many eye discs indicates that phyl is not expressed ahead of the furrow, but instead is expressed at high levels in periodic groups in the furrow and undergoes a dynamic pattern of expression behind the furrow. The region of the disc in which R1, R6, and R7 are stained is indicated by a bar.
(B) in situ hybridization of sev-Rasl v12. Staining, posterior (to the left) to the R1, R6, and R7 band of label, is present in activated Ras, but is absent in wild-type eye discs. Discs (23 sevRasl v12 and 13 wild-type) were scored double blind by five individuals. Of 36 discs, 34 were scored correctly by all individuals. An additional 111 wild-type and 108 activated Rasl discs were analyzed. (C) A transverse section through the photoreceptor nuclei of a developing ommatidium is shown on the left. Numbers identify photoreceptors; only one photoreceptor is shown for each pair (R2/R5, R3/R4, and RI/R6). R7 is basal; arrows indicate upward movement of nuclei, phy/ RNA is first expressed at detectable levels when the nuclei are in the approximate positions represented here. A horizontal plane through an ommatidium at the same developmental stage is shown on the right. Nuclei are stippled (Wolff and Ready, 1993) .
(D-H) High magnification views illustrating the phyl expression pattern in the developing photoreceptors of four ommatidia; RNA is localized in the perinuclear domain of photorecepto~'s R1, R6, and R7. Several focal planes are shown beginning with (D) at a basal level. Perinuclear staining is strong in R7 (D); R1 and R6 nuclei, also prominently stained, lie above those of R7 (E); photoreceptor nuclei R8, R2, and R5, which are located in the next focal plane, are not stained (F and G); and the nuclei from photoreceptors R3 and R4 also lack phyl expression (G and H). The dark staining adjacent to R2/R5 in (G) and (H) is "bleedthrough" from RI/R6, which lie in a lower focal plane. Anterior is to the right.
Expression of phyl Under Control of sE
Generates Extra R7 Cells
The fact that phyl expression appears to be regulated by Ras activation suggests that phyl acts to promote neural development of the R1, R6, and R7 cells as a consequence of Ras activation. To determine whether expression of wild-type phyl, in the absence of Ras activation, is sufficient to promote photoreceptor formation, we fused the phyl cDNA to the regulatory sequences of the sev gene (sev-phyl). These regulatory sequences are active in R3, R4, R7, the cone cell precursors, the mystery ceils, and (at low levels) R1 and R6 Bowtell et al., 1989) . In a normal eye, R3 and R4 do not respond to activation of the sev pathway, presumably due to an earlier commitment to another cell fate, whereas the cone cell precursors and the mystery cells fail to initiate neuronal differentiation because they are excluded from contact with the R8 cell, which expresses boss, the ligand for sev RTK (reviewed by Zipursky and Rubin, 1994) . The cone cell precursors and the mystery cells have the potential to adopt a neuronal fate as ectopic activation of the sev pathway by expression of constitutively active sev RTK (Basler et al., 1991) , Rasl (Fortini et al., 1992) , or raf (Dickson et al., 1992) in these cells induces the transformation of these cells into photoreceptors. If expression of phyl in cone cell precursors is sufficient to initiate neuronal differentiation, we should observe the formation of supernumerary R7 cells in sev-phyl eyes.
Flies bearing one copy of the sev-phyltransgene, generated by P-mediated germline transformation, have rough eyes ( Figure 6A ). Tangential sections of adult eyes ( Figure  6B ) and anti-elav and cobalt sulfide-stained third instar eye discs and pupal eyes (data not shown) reveal that the sev-phylommatidia are disorganized and contain multiple defects. The predominant defect in sev-phyl ommatidia is the generation of extra R7-1ike cells with small rhabdomeres: approximately 39% of ommatidia contain multiple cells with small rhabdomeres. Rh4-CAT analysis of head extracts shows sev-phylflies contain a 2.3-fold higher CAT activity than do wild-type extracts, indicating that the cells with small rhabdomeres display other R7-1ike properties.
Furthermore, in sev-phyl third instar eye discs, the cone cell precursors express the neuronal marker embryonic lethal, abnormal vision (elav), and midpupal eyes stained with cobalt sulfide are often missing 1-2 cone cells (data not shown). Therefore, expression of phyl in cone cell precursors gives a phenotype similar to that observed by activation of the Rasl pathway.
Similar to sev-Rasl w2, gap1, and }/an, the formation of extra R7 cells by sev-phyl can bypass the need for sev RTK activation, but still requires sina function (Gaul et al., 1992; Lai and Rubin, 1992) . Supernumerary R7 cells are present in sev; sev-phyl/+ ommatidia ( Figure 6C ), whereas R7 cells are absent in sina/sina sev-phyl/+ ommatidia ( Figure 6D ). These results suggest that phyl acts downstream of sev and upstream of sina or in a parallel pathway that is consistent with the genetic evidence presented above. However, it is unlikely that phyl regulates (F) Midpupal GMR-phyl eye stained with anti-elav antibody. Overexpression of phyl in the pigment cells induces expression of elav in nonneuronal cells. Both primary pigment cell nuclei (crescent-shaped, arrows) as well as photoreceptors can be seen in this focal plane. Fewer than the wild-type complement of primary pigment cells express elav, but, since some of the primary pigment cells are missing in midpupal GMR-phyl eyes (data not shown), it is possible that the population of stained primary pigment cells seen here represents the entire population or a fraction of this class of cells. Secondary and tertiary pigment cells also express elav, but are present in a lower focal plane. sina expression since sina has a broader pattern of expression in eye discs than does phyl (Carthew and Rubin, 1990 ).
Overexpression of Phyl in Accessory Pigment Cells Induces Expression of Neuronal Antigens
To determine the effect of phyl expression in other cell types in the eye, we fused the phyl cDNA to an eye-specific promoter (GMR-phyl), which functions in all retinal precursor cells behind the furrow (see Experimental Procedu res). Ectopic expression of phyl in this pattern leads to a multitude of defects. Most interestingly, the pigment cell precursors, which can be identified based on their stereotyped nuclear shape, often express the elav antigen ( Figures 6E  and 6F ). These results suggest that expression of phyl in cells that ordinarily do not express this protein causes them to adopt some neuron-specific properties. This provides further evidence that phyl is required to tip the balance toward becoming a neuronal rather than a nonneuronal cell.
phyl Is Required for Embryonic Nervous System and Bristle Development
A range of bristle defects is observed in phyl-clones. Notal clones often lack macrochaetae and microchaetae, although in some instances these bristles are twinned or triplicated ( Figure 7A) ; hairs are not affected by the loss of phyl.
The four cells that comprise the bristle complex are the descendants of a single sensory organ precursor cell (reviewed by Jan and Jan, 1993) . One of the immediate progeny of the sensory organ precursor undergoes a division to give rise to the trichogen or shaft cell and the tormogen or socket cell, and the second divides to give rise to the thecogen or sheath cell and the sensory neuron. Adult nota stained with monoclonal antibody 22C10, a neuronal marker, show that twinned bristles within phyl-clones lack neurons, suggesting a possible fate transformation from neuronal precursor cell to a trichogen (data not shown). Clonal regions that are void of microchaetae also lack neurons.
Retinal mechanosensory bristles are also either absent, twinned, or triplicated ( Figure 7B ). Occasional sockets display an aberrant morphology in which a crescent-shaped socket partially envelops an apparently normal socket, Midpupal eyes containing phyl-clones that are double stained with anti-elav and phalloidin, to identify the bristle neurons and shafts, respectively, reveal that bristle neurons are absent within the clones, independent of the presence or absence of the bristle shaft (data not shown).
Homozygous phyl flies die as larvae, but their cuticles appear normal (data not shown). RNA in situ hybridizations of wild-type embryos show that the phyl transcript is expressed in both the central nervous system and the PNS (data not shown). Embryos stained with monoclonal antibody 22C10 and anti-elav antibody reveal a variable phenotype, with neurons missing in each of the major groups of PNS neurons ( Figures 7C and 7D) , including the multi- pie dendrite neurons, the chordotonal neurons, and the external sensory organs.
Discussion
We have identified a new Drosophila gene, phyl, which is required cell autonomously for the fate specification of ph0toreceptors R1, R6, and R7. Results from molecular and in situ hybridization experiments indicate that phyl is a novel protein expressed in R1, R6, and R7, consistent with the specific requirement for phyl in these cells. Reduction of phyl gene dosage suppresses sev-Rasl v12, suggesting that phy/plays a role in the Rasl cascade in photoreceptor determination. Expression of the phyl cDNA in the nonneuronal cone cells can induce ectopic R7 differentiation and, in pigment cells, can induce the expression of neuronal antigens, consistent with phyl playing an instructive role in neuronal specification of the photoreceptore. A similar role forphyl is seen in embryonic PNS development and bristle formation during pupal development.
The Role of phyl in Photoreceptor Determination
The specification of photoreceptor fate is likely to be a multistep process. In sev-flies, morphological data indicate that the cell that occupies the R7 precursor site resembles the R7 precursor: the contacts it establishes with neighboring photoreceptors are identical to those made by the R7 precursor cell, and it bears a morphological resemblance to the R7 precursor cell (Tomlinson and Ready, 1986) ; however, it fails to differentiate as a neuron.
These observations argue that there is a cell-recruitment process that precedes the commitment of the precursor cells to a neuronal fate. Our data on phyl RNA expression indicate that recruitment of photoreceptors R1, R6, and R7 precedes the accumulation of the phyl transcript by at least two rows, suggesting that phyl functions after the recruitment of photoreceptor precursors into developing ommatidia.
In the absence of a gene required for generating neuronal diversity, such as rough (Tomlinson et al., 1988) or seven up (Mlodzik et al., 1990) (Simon et al., 1991) ; however, phy/transcript is only detected in the precursors of R1, R6, and R7, suggesting that cell-specific signals must be integrated to generate the observed expression pattern of phyl. The regulation of phyl expression might be a point at which multiple signals are integrated to mediate the divergence of the general Rasl cascade into the specific developmental pathways of R1, R6, and R7. As in the presumptive R7 and cone cell precursors, activation of the Ras cascade in rat pheochromocytoma (PC12) cells induces neuronal differentiation (Thomas et al., 1992; Wood et al., 1992) , suggesting that the role of Ras in neuronal determination is conserved in diverse organisms. The function of Ras activation in these neuronal precursor cells may be to switch on genes, such as phy/, that are required for initiating neuronal differentiation. The identification of such genes will be important in understanding how the Ras/MAP kinase pathway confers neuronal identity on certain cells.
Experimental Procedures
Genetics
Fly culture and crosses were carried out according to standard procedures. The screen for dominant modifiers of sev-Rasl w2 will be described in detail elsewhere. In brief, w males, isogenic for the second and third chromosomes, were mutagenized and then mass mated with TM3, Sb, P[sev-RaslV72]-2B, ry/e, ftz, ry females (T2B, Fortini et al., 1992) . Putative mutants were backcrossed to T2B and CyO, P[sevRaslV72]-2/Sco (CR2) flies to confirm that the modifiers were due to genetic lesions. The strategy for the screen for lethal genes that play a role in eye development using the FLP/FRT system was described in detail by Xu and Rubin (1993) .
The suppression of sev-Rasl w2 and epistasis analysis were performed on phyP 366 flies. The clonal phenotype, mosaic analysis, and developmental analysis were performed on phyl ~5 using the FLP/FRT system described by Xu and Rubin (1993) . phy123" and phy12245 exhibit the same cional phenotype as phyl TM. yan 1 (Lai and Rubin, 1992) and gap1 s~-', an excision allele of gapl "5~, were used to generate doublemutant ommatidia with phyF 366. The sE-raF°~4°2~-BT97 allele (Dickson et al., 1992) was the constitutively active form of Draf used to test the interaction between phyl and Draf. Like sev-Rasl w2, sE-raF °' 4°2~ causes a rough eye as a consequence of supernumerary R7 cell formation. sev ~2, sina 2, and sina ~ were used to test whether sev-phyl can bypass the requirement for sev and sina.
The Rh4-CA Tconstruct P[ Rh4.1900CA 774 (Fortini and ) was used to quantitatively measure the total number of R7 cells in different genetic backgrounds. Duplicate CAT assays were performed on head extracts of the appropriate genotypes, prepared as previously described (Fortini and Rubin, 1990; O'Neill et al., 1994) .
Isolation of phyl Genomic DNA and cDNA
A chromosomal walk in the 51A region was initiated from a genomic DNA fragment obtained from plasmid rescue of 1(2)02367, which contains an enhancer trap P-element inserted in 51A5-A6 (Karpen and Spradling, 1992; Berkeley Drosophila Genome Project, unpublished data) . To extend the walk, labeled DNA was used to screen a D. melanogaster genomic cosmid library (Tamkun et al., 1992) . After three rounds of cosmid screening toward the proximal side, a 5 kb EcoR1 fragment was found to span the inversion breakpoint of phyF 152 ( Figure  2A ). The 5 kb EcoR1 fragment and the adjacent 2.1 kb EcoR1 fragment were used to screen a Drosophila eye-antennal imaginal disc cDNA library in Zgtl0 (prepared by A. Cowman), and it identified 17 related clones from -800,000 phage. In contrast, two flanking fragments, the 1.7 kb EcoR1 fragment (5' to the 5 kb EcoR1 fragment) and the 3 kb Notl-EcoR1 fragment (3' to the 2.1 kb EcoR1 fragment) yielded no cDNA-positive clones, indicating that the putative phy/cDNA might be the only transcript within this 11.8 kb region.
DNA Sequencing
DNA sequence was determined by the chain termination method (Sanger et al., 1977) using the Automated Laser Fluorescence system (Pharmacia). Templates were prepared by sonication of plasmid DNA and insertion of sonicated DNA into M13mp10 vector. DNA from two oDNA clones, as well as the 5 kb and 2.1 kb genomic EcoR1 DNA fragments, was sequenced completely on both strands. The DNA sequences were processed and analyzed by the Staden (R. Staden [Medical Research Council of Molecular Biology, Cambridge, England]) and Genetics Corn puter Group (Universityof Wisconsin, Madison) software packages.
To demonstrate that phyl mutants contain lesions in this putative phyl transcript, X-ray-induced but cytologically normal phyl alleles were screened by DNA blots and PCR reactions (for those that exhibited alterations in the coding region). Then, the mutant exons generated by PCR amplifications were subcloned into pBluescript II SK(+), and their genetic lesions were determined by sequencing.
Histology
Flies were prepared for scanning electron microscopy as described in Kimmel et al. (1990) . Fixation and sectioning of adult eyes were performed as described by Tomlinson and Ready (1987) .
BUdR labeling was performed as in Wolff and Ready (1991) , except that pepsin digestion was omitted. White prepupae were collected and aged for 60-65 hr at 20°C. Eye discs and pupal eyes were fixed and stained according to standard procedures (see Wolff and Ready, 1991) . Cobalt sulfide staining was performed according to Melamed and Trujillo-Cenoz (1975) , Pupal eyes, double stained with anti-elav antibody and rhodamine-phalloidin, were stained first with the antibody and then with phalloidin. Embryos and nora were fixed and stained according to standard procedures. In situ hybridization was performed according to Dougan and DiNardo (1992) .
Construction of sev-phyl and GMR-phyl pSev-phyl was constructed by fusing the coding sequence of phyl cDNA to a sev expression cassette Fortini et al., 1992) . pGMR-phyl was constructed by fusing the coding sequence of phyl cDNA to a promoter that contains a pentamer of truncated glass-binding sites (pGMR; Hay et al., 1994) . Flies bearing the sevphyl and GMR-phy/transgenes were generated by P element-mediated gerrnline transformation (Spradling and Rubin, 1982) .
